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Abstract 
A clear understanding of the dynamic behavior of the whole chain of conventional power generation to CO2 storage is necessary. 
The rapidly increasing share of renewable energy makes the energy delivered to the grid more fluctuating leading to an impact on 
the CCS chain as well. A 250 MW scale carbon capture plant with CO2 compression has been modelled with Dymola (dynamic) 
and with Aspen Plus (steady-state). It is evident that large perturbations in flue gas flow rate will make it difficult to control the 
water balance. Moreover, parallel compression trains may be necessary to prevent compressors to run in spill back mode. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The power generation market is changing swiftly. Policies are directed towards increasing the share of 
sustainable energy to reduce the emissions of anthropogenic CO2. In the EU for instance, a strategy framework has 
been set up for the development and distribution of sustainable energy technologies, the European Strategic Energy 
Technology plan (SET plan) [1], with the objective of limiting CO2 emissions from electricity generation. The share 
of photo voltaic and wind energy in the total energy palette is increasing rapidly. The energy delivered to the grid 
from these sources depends strongly on season, time and weather conditions. A reliable supply of electric energy is, 
on the other hand, vital for modern society. It is imperative for conventional power producers to be able to follow 
the power demand from the market, while maintaining generation efficiency with a lower CO2 footprint. New 
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techniques and concepts are needed to improve the production of power against these challenging requirements, 
whilst maintaining reliable grid operation.  
The value of a future power plant will be increasingly determined by its operational capabilities in providing 
swing power and high commercial availability and reliability. The application of post combustion capture 
technology to a coal fired power plant might provide an additional operational flexibility by running the capture unit 
at different part load or on/off. Although the technology for CO2 capture can be considered mature, there is no 
measured data available of the effect of different operating conditions, from demonstration scale plants such as the 
ROAD (Netherlands) or Boundary Dam (Canada) of around 250 MWe (equivalents), which is approximately 1,2 
Mton/year of CO2 captured. Therefore, advanced dynamic simulations are needed to have an insight in to the 
operational flexibility, with the objective of identifying the bottlenecks. This will lead to a lower risk in the further 
upscaling of the technology and a better insight in the real economics of a capture plant connected with a non-base 
load (future) power plant. It is of importance to assess the impact of power plant dynamics on the whole train, i.e. 
capture, compression, storage and transport.  In this article, the focus is on the first two steps of the overall train, 
capture and compression. The basis of this simulation originates from [2,3]. In figure 1, the overall design and 
integration with the power plant is shown. The simulations take into account the effects of transients after the direct 
contact cooler with a focus on the capture plant and compression train. In a later stage, the overall effects of 
transient on the whole powerplant/capture plant/compression/transport and storage will be examined. 
Fig. 1. Schematic drawing of powerplant-capture plant interaction [2,3].
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2. Modelling approach 
In this work, two platforms have been used to model both the capture plant as well as the compression train. The  
dynamic simulation of the CO2 capture plant has been done with Dymola. The results are compared with the static 
modelling results obtained via Aspen Plus. 
Dymola is a software based on Modelica®, which is a non-proprietary (open), object-oriented, equation based 
language to model complex physical systems containing, e.g., mechanical, electrical, electronic, hydraulic, thermal, 
control, electric power or process-oriented subcomponents. The flexibility of Dymola makes it a versatile tool, 
which is well suited for modelling and simulation of new alternative designs and technologies within the field of 
CCS. The ThermoPower and ThermalSeparation [4,5,6] components of the Modelica® libraries  have been used and 
adapted to describe the dynamic behaviour of the CO2 infrastructure with point kinetic, lump sum models.  The 
modelled mass transfer within Dymola is done using an equilibrium based approach. For fast reacting solvents, such 
as MEA, an equilibrium based approach can be assumed out as the main objective is to model the transients, rather 
than accurate steady-state results.  
3. System boundaries 
An Advanced Supercritical coal fired power plant, equivalent to a capacity of 250 MWe has been used. The 
capture plant was based on a process, using a MEA 30 wt% as the solvent [7]. No energy reducing techniques, like 
lean vapour compression have been applied [8]. This study focusses mainly on the interface of capture and 
compression plant. Figure 2 gives the representation of the capture and the compression process. The integration of 
cooling water and steam consumption has been analysed in more detail. Moreover, a strategy to control the water 
balance was developed. The water content in the sweetened gas is used to make-up for gains or losses during 
transitions by controlling the sweetened gas temperature. 
Fig. 2. Schematic representation of CO2 capture process (left) and CO2 compression train (right).  
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The carbon capture model in Dymola is validated with a pilot capture plant equivalent to a power plant capacity 
of 0,25 MWe , using open-loop response tests [9]. The validated parts have been scaled up to 250 MWe post 
combustion equivalent. It has been extended with a gas phase CO2 compression, including dense phase compression 
(see Figure 2).  
A Dymola representation of a CO2 capture flow sheet followed by a two stage CO2 compression (pressure up to 6 
bar) is given in Figure 3. The last four compressors have been left out of Figure 3 for clarity reasons. 
Fig. 3. Dymola representation of CO2 capture flow sheet followed by a two stage CO2 compression. AB is absorber bed; WS is washing 
section; STR is stripper; Compstage1 and 2 are compressors with anti-surge control loops. 
A generic compressor map has been used for modelling CO2 compression, of which an example is given in 
Figure 4. The normalized pressure versus normalized flow of the compressor map has been used for all compression 
stages. Variable rotational speed of the compressor rotor is applied during start-up and anti-surge valve manipulation 
for load control. The anti-surge valve is an open-close valve in a short-circuit line between outlet and inlet of the 
compressor. 
Fig. 4. Typical generic compressor maps of a radial compression stage.
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4.  Steady state results capture unit  
Input data from the steady state operational condition of Aspen is used for the initialisation of the dynamic 
simulation. The dynamic simulation showed similar results at 100% load under steady state operational condition, as 
shown in Table 1. Steady state verification of the dynamic model is crucial, because it gives a good indication of the 
accuracy of the modelled capture unit at full load. 
Table 1. Comparison of CO2 capture process in steady-state:  results of Dymola  compared with results of the Aspen Plus steady-state model. 
Dynamic model Aspen steady  
TNO state model 
Flue gas flow [kg/s] 244.6 244.6 
Lean solvent flow [kg/s] 1079 980 
Capture rate [%] 90.04 90.25 
Reboiler duty [MW] 172.86 160.74 
Specific heat duty [kJ/kgCO2] 3692 3422 
MEA wt.% (lean) 28.2 30.8 
Lean loading [mol/mol] 0.273 0.273 
Rich loading [mol/mol] 0.486 0.489 
5. Operational modes and transients  
Prior to assessing dynamic system studies, a first assessment has been executed to identify the operational issues 
during load changes and off design operations of a power plant integrated with the capture unit. Typical power plant 
operational modes and the most likely operational modes of the capture plant are listed below and have been used as 
a starting point.  
Operational modes and upset conditions of a power plant are as follows; 
• Normal operation modes such as, start/stop operation, ramping up/down, changing coal/biomass type and ratio, 
part (low) load operation and soot blowing.  
• Upset conditions or Emergency Shut Down (ESD) like tripping of steam turbine, steam/boiler feed water 
(BFW) system, DeNOx unit and desulphurization unit and slip of ammonia from DeNOx unit. 
Likely operational modes of the capture plant are as follows. 
• Normal operation modes like start/stop operations, increasing solvent recycle flow rate, high changing stripping 
steam demand. 
• Upset conditions or ESD like tripping of capture unit, of CO2 compressors (transport) or of absorber due to high 
level loaded liquid. 
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A selection had to be made of different load variations in order to limit the amount of computing time for the 
dynamic system analyses. Not all of the operational modes could be analysed, because it requires much more 
modelling and computing effort. The cases simulated are (a) change in the flue gas flow rate (up and down) with 
different ramping, (b) changes in flue gas CO2 content and (c) change in reboiler duty. These cases can be of 
importance to assess the effect of part load condition of a power plant with constant flue gas flow rate and changes 
in the reboiler duty in a large scale demonstration capture plant.  
Table 2. Flue gas from 100% to 40% in 15 min at t=2h (case A).  
time 0h 2h 2h15m 5h 
Flue gas flow [kg/s] 244.6 244.6 97.8 97.8 
CO2 in flue gas [mol/mol] (absorber inlet) 0.1434 0.1434 0.1146 0.1146 
Flue gas temperature [°C] (absorber inlet) 45.9 45.9 45.9 45.9 
Reboiler duty [MW] Control of reboiler temperature 
Table 3. Flue gas from 40% to 100% in 15 min at t=2h (case B). 
time 0h 2h 2h15m 5h 
Flue gas flow [kg/s] 97.8 97.8 244.6 244.6 
CO2 in flue gas [mol/mol] (absorber inlet) 0.1146 0.1146 0.1434 0.1434 
Flue gas temperature [°C] (absorber inlet) 45.9 45.9 45.9 45.9 
Reboiler duty [MW] Control of reboiler temperature 
6. Process control observation  
Several base layer process control concepts have been analysed and optimised with the Dymola model. The 
following primary  process control objectives for the capture unit have been identified to be necessary for a stable 
operation, a) Stable flue gas rate to absorber: the absorber can handle large flow changes, although some time is 
needed to restore its equilibration. Slow flow rate changes are advisable; b) Maintain the capture rate: the value of 
the capture rate might not be directly controlled. It  is a resulting process value, which can be used as an 
optimisation parameter. This study uses a controller to adjust the L/G ratio, thereby adjusting the solvent flow rate; 
c) Stable operation of the stripper: the stripper has two base layer control loops; one for the stripper re-boiler 
temperature and one for the pressure in the top of the stripper via the CO2 outlet to the compressors; d) Maintain 
solvent inventory. In order to maintain solvent inventory at composition and quality level, some storage vessels and 
advanced online quality measurements needs most likely to be implemented; e) Maintain water balance. The water 
balance can be adjusted  by adjusting the temperature of the flue gas after the absorber wash section. The model 
indicates that it might be difficult at large perturbations to maintain the water balance because of cooling limitations. 
   
6.1 Capture rate 
The capture rate is the total amount of CO2 that has been sent to the CO2 compressors for transport divided by the 
total amount CO2 in the flue gas, sent to the capture plant. The capture rate is a resulting process value and can be 
used as an optimisation parameter. The model showed large overshoots of this value during load transitions. So it is 
recommended to use the capture rate as optimisation value for a supervisory control algorithm.  Also online 
measured quality parameters of the solvent, as proposed by Eckeveld [10] could be used to damp overshoots. 
Chemometrics can be a good approach for this [11,12]. In Figure 5, the effect of changes flow gas rate is given for 
Case A and B. 
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 Case A Case A 
Case B Case B 
Fig. 5. Influence variation flue gas flow rate on capture rate. 
6.2 Solvent inventory 
The flow rate of the solvent can be ratio controlled based on the flue gas stream, which functioned properly 
during simulation runs. However, the liquid levels fluctuates significantly and requires special attention in relation 
to water losses. Nevertheless, the solvent inventory control requires a solution. No proper solution has been reported 
for this problem so far. 
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Case A Case A 
Case B Case B 
Fig. 6. Influence variation flue gas flow rate on capture rate and lean solvent flow rate. 
6.3 Water balance 
Perturbations of the flue gas flow rate had a big impact on the water balance, according to the dynamic 
simulation results; see for instance Figure 6. Perturbations were leading to MEA concentration fluctuations as water 
will be removed or added due to control actions during these transient operational conditions. This is mainly caused 
due to limitation of cooling of the flue gas. It has been recommended to use buffer capacity of washing water to 
keep the water balance under control. Also overdesign of the washing water cooler might be considered, although it 
requires additional CAPEX. 
6.4 CO2 compression infrastructure  
The CO2 has to be compressed, inter cooled and dried prior to be transported to storage. The analysed CO2
compression setup might provide sufficient operational window for stable operation over the entire integrated 
installation from power and capture plant to CO2 compression.  
Figure 7 gives an example of the reaction of a compressor on a load reduction. Due to the load reduction, the 
anti-surge valve opens immediately in order to restore the mass flow though the compressor. The compressor runs 
now in spill back mode. When the normal mass flow is restored, the anti-surge valve closes and the compressor goes 
to normal operation again.  
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Fig. 7. Modelled reaction of compressor to load reduction. 1 = Normal operation, 2 = Decrease in mass flow, opening surge valve, 3 = Stable 
operation with spillback, 4 = Increased mass flow, closing surge valve.  
Running in spill back mode is mostly the case, since the dense phase compression narrows the flow rate range of 
the compressor significantly. Therefore, parallel CO2 compression trains might be necessary, thus preventing long 
periods of running in spill back mode. The temperature of the spillback gas requires special attention. Due to the 
Joule-Thomson effect, the CO2 gas will significantly cool which will reduce the volume flow thus resulting in ever 
more mass flow needed to keep the compressor from surging.  Also the pressure needed for transportation of the 
CO2 though a pipeline and injection into a storage site should be considered during optimisation of the compression 
trains. 
The modelled results of case A and B (see Figure 8) shows that changing flue gas flow rate (ramping up and 
down) can have a significant effect on the surge flow, leading to significant energy cost. It is evident that multiple 
compressor trains are needed.  
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Case A: Case B: 
Fig. 8. effect of change in flue gas flow rate on the first two stages of the compressor train. 
7. Conclusions and recommendations  
The dynamic system assessment showed reasonable response times to operational transients and similar steady 
state conditions once stabilized. The assessments from dynamic simulations are a first step in a full indemnification 
and de-risking of the technology. The water balance seems to be difficult to keep in control at large perturbations. 
The integrated analysis of power plant and downstream CO2 infrastructure with process control optimization was a 
first step in the assessment. It is recommended to continue the development of tools on real industrial applications 
and demonstration of developed models and methodologies on different time scales and industrial applications.  
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